The occurrence of calcified foci at the junction of adrenal medulla and cortex in monkeys obtained from toxicity studies during a lO-year period is reported. The survey included reinvestigated adrenal samples from 274 male and 270 female rhesus monkeys and 52 male and 52 female cynomolgus monkeys. The incidence of calcified foci was 46% in male and 45% in female rhesus monkeys, and 6% in male cynomolgus monkeys, while their females did not show the lesion. In male rhesus monkeys, the mean number of foci was 4 for both glands, in females, 2 for the right and 4 for the left one. Initial stages indicated that the lesions develop possibly from focal apoptosis of medulla cells followed by a dystrophic mineralization. No correlation was observed concerning dose groups, test article, study length, testing facility, origin of monkeys, their sex, age, diet or final body weight. The foci of mineralization were dystrophic, species-specific in the rhesus monkey and possibly related to stress. The location of the foci at the cortico-medullary junction, precisely the location of the remnants of the fetal zone, may indicate their origin from this zone.
Numerous concentrically arranged calcified bodies and traces of protein at the corticomedullary junction were first described by Ross et al. (1955) . An impressive picture of the lesions in their final stage has been shown by Liebegott (1958) , courtesy of Lund (1956l. The incidence of the finding in 3 monkey species has been compared by Majeed and Gopinath (1980) . The aetiology and pathogenesis of adrenal calcinosis in monkeys have not yet been established, but stress has been suggested as a disposing factor (Skelton-Stroud and Ishmael 1985) .
In the present study, the adrenals of 544 rhesus (Macaca mulatta) and 104 cynomolgus monkeys (Macaca fascicularis) were reinvestigated to study the pathogenesis of the lesions. Initial changes, which were repeatedly found, indicated that the foci Correspondence to: Priv-Doz Dr A Kost. Accepted 15 March 1993 primarily consist of necrotic medullary cells or cell detritus associated with episodes or exudation and dystrophic mineralization. The focal cytolysis of medullary cells seen in this survey may be due to an exhaustive stimulation by stress-induced catecholamine plasma levels as a species-specific phenomenon especially in the rhesus monkey, while the cynomolgus appears less sensitive.
Materials and methods

Animals
Male and female rhesus monkeys (Macaca mulatta) and cynomolgus monkeys (Macaca fascicularis) were obtained either wildcaught or bred in captivity. They were examined for tuberculosis by an intrapalpebral test with 1000ill PPD. The acclimatization period was 6 weeks. During quarantine, anthelminthic therapy was administered twice (Table 1) .
Laboratory Animals (1994) 28, 80-89 (20-25°C) , humidity (30-70%), and light (12 : 12 = light: dark, light from 0600 to 1800 h). Ventilation was at least 10 times/h. An amount of 50-100 g of dry diet 'Ssniff P 10 pellets' (Ssniff Spezialdiiiten GmbH, Soest, Germany) was given twice daily. In addition, the animals received fresh fruit twice weekly and one slice of bread once weekly. For conditioning purposes, each monkey got one tasty pellet (2 g) of marmoset diet (Ssniff Marmoset Alleindiiit) as a reward immediately after dosing. Municipal tapwater from an automatic watering system was available ad libitum. The monkeys were identified by a skin tattoo number on the chest and randomly assigned to either the vehicle control or a treatment group.
Experimental design All animals were tested in the 4-week studies once predose and during weeks 6, 13 and 19 (recovery group), and in the 52-week studies also once predose, after 6, 13, 26, 39 and 52 weeks of treatment in haematological and clinical-chemical investigations and urinalysis.
Observations
At term, all monkeys were killed with an Lv. injection of pentobarbitone sodium, and bled by severance of the brachial or femoral vein and artery. At necropsy, organs were examined and findings recorded. Main organs were also weighed. Thereafter, organs and tissues were fixed in 7, 5% buffered formalin, embedded in paraffin wax, sectioned, mounted and stained with haematoxylin and eosin. Adrenals were also stained with fat red 7 B, Masson's trichrome technique, and in isolated cases with Kossa and PAS-reaction.
To study the involution of the fetal zone after birth, histological slides of adrenal glands from newborn monkeys from birth to one month old were investigated (Table 4 ). The slides were stained with haematoxylin and eosin, and were obtained from Deutsches Primatenzentrum GmbH, G6ttingen (by courtesy of Dr M. Brack).
Statistical tests
Descriptive statistics (means ± standard deviations, percent values, medians, and interquartile ranges) of the individual data are given in the Tables. The differences between the findings in the left and right adrenals and the differences between the genders are tested for statistical significance Kast et al. with the Fisher's exact test and the Wilcoxon rank test. A P value of 0.05 was chosen as significance level. The incidence of the calcified foci has been compared for positive trends for gender, organ weight, right and left gland, initial age, final body weight of the monkeys and duration of the study.
Results
A total of 248 rhesus monkeys out of 544 re-investigated exhibited calcified foci at the junction of adrenal medulla and cortex ( Fig I) . Among the rhesus monkeys affected, 43 had only one focus, whereas the majority, namely 111 animals, had 2-10 foci, the others 11 or more. There was no sexdifference in the percentage of rhesus monkeys affected, but males had significantly more foci in their left gland than females. Furthermore, the left gland of females was significantly less involved if compared with their right one. Concerning the cynomolgus monkey, only 6% of the males had the lesions, but no foci were observed in females [ Table 2 ).
No significant differences in absolute organ weights were found between rhesus number of animals monkeys with or without foci. The existing significant differences in relative organ weights are not shown in Table 3 because they were merely related to the different body weights of males and females (Table 1) .
No positive correlations were observed concerning origin of the monkeys, their age, diet or final body weight. Also, the study dose groups, test articles, study length or testing facilities had no influence.
In most cases, the lesion was characterized by old, completely calcified foci at the junction between adrenal medulla and cortex (Figs 2 and 3) sometimes also in zona reticularis. The foci varied in size and number (Fig 1) . Most of them were round, about 0.1 mm in diameter, and occurred in isolation or in groups. In extreme cases the confluent foci occupied one-third or more of the medulla. They were encapsulated by a thin layer of interstitial connective tissue. Very seldom individual foci were up to 1mm in diameter. A mild mixed inflammatory cell infiltration was seen in 2 cases only, eosinophils were absent.
In general, old foci contained hard, crumbling concrements which were destroyed by the microtome knife IFig 4). In other cases, when the mineralization was still mild, the central corpora were amorphous showing a nucleus of concentrically arranged calcified lamellae. The lamellae were separated by 10 or more layers of proteinrich serum-like substance which stained eosinophilic with eosin, blue with Masson's In earlier lesions, centrally or peripherally located cell detritus, a few remaining nuclei, and necrotic cells, or 'ghost cells' could be observed (Figs 6-8) . In a few individual monkeys, groups of large, pale medullary cells occurred at the adrenal junction, or small islets in the adrenal cortex consisted of medulla cells at different stages of necrosis, appearing as candidates for dystrophic mineralization (Figs9 and 10).Both ; -.D . alterations were similar in size and location to the calcified foci. Non-calcified organic material, including ghost cells, was observed just within such a group of pale medullary cells (Fig 11) . However, there were no nuclear changes indicating apoptotic activity.
Petal adrenals
On the first day after birth, the size of the adrenal compared well with that'of the kidney. cells were scattered in the fetal zone and progressively increased in number and size during the following days. Immediately after birth, the definite zone was expanding and differentiating by the growth of the zona fasciculata which is unaffected by the regression of the fetal zone. Signs of programmed cell death, apoptosis, were rare: in 4 lemurs, one lion-tailed macaque, and one saddleback tamarin most fetal cells showed a condensation of chromatin at the nuclear membranej in the tamarin this was combined with acidophil inclusion bodies [Fig 12. ).Ghost cells with finely granulated cytoplasma were also observed in three monkeys / Fig 13) .
On days 2.to 6, hyperaemia continued, condensed marginated chromatin was observed in one lemur only, while ghost cells were seen in one marmoset and 3 cottontops. A dense band between cortex and medulla was more or less distinctly visible in 8 monkeys of this age group. Mixed-cell infiltrates were discovered on day 3 postpartum in a cottontop only. In 2.monkeys, one marmoset and one cottontop, some cells contained yellow-brown granules. After 30 days, the adult adrenal was developed, but a dense band remained between cortex and medulla, cells of which still showed condensation of chromatin at the nuclear membrane in a lion-tailed macaque (Table 4 ).
Discussion
Calcified foci at the junction between adrenal medulla and cortex are a common finding in the rhesus monkey, whereas cynomolgus and baboon (Papio anubis) are rarely affected (Table 5 ). In our relatively young rhesus monkeys, several or numerous foci were seen in adrenals of both genders with no sex-difference except a somewhat higher number of foci in males. No other positive trends were observed.
Histopathological findings indicated that the initial stage of the lesion may be a necrosis of groups of medullary cells followed by dystrophic mineralization (Figs  6-8) . Thereafter, protein-rich extravasates are released at intervals and are also calcified resulting in concentrically-arranged lamellae around a nucleus of mineralization (Figs 3, 5 and 11). The final stage, as mostly seen, is a concrement encapsulated by a thin layer of connective tissue obviously from the pre-existing stroma. Inflammatory processes in the neighbourhood of the foci are rare showing that no foreign bodies are involved, as for instance, parasites.
As no newborn or young rhesus and cynomolgus monkeys-possibly with earlier lesions -were available, a conclusive explanation of the pathogenesis of these calcified foci cannot be given.
The following hypothesis may contribute to an explanation: during stress situations (shock, injury, emotional disturbances etc.) a huge increase in the plasma lev'els of catecholamines occurs by sympathicoadrenal stimulation (Anderson 1985) . Morphological changes of the adrenals are observed during stress as a general adaptation syndrome. Sometimes entire cells of the medulla disintegrate into more or less homogeneous or granular eosinophilic debris. This has been ascribed to exhaustive overstimulation, but is not necessarily a purely degenerative phenomenon without functional value. Entire cells can probably more rapidly discharge their stored hormones into the circulation by disintegrating than through a more time-consuming secretion (Selye 1950) . Therefore, the cytolysis of medullary cells occasionally seen in this survey may be due to an exhaustive stimulation as a speciesspecific phenomenon particularly in the rhesus monkey, while the cynomolgus appears less sensitive to this phenomenon.
According to Holmes (1968) who studied the adrenal glands of hypophysectomized rhesus monkeys, 'large cysts' along the cortico-medullary border were commonly associated with chronic hypopituitary states. The 'cysts' in all cases contained structureless calcified debris which was strongly PAS-positive.
On the contrary, baboons (Papio cynocephalus) shocked with lethal doses of Escherichia coli [Archer et ai. 1983) or intravenous herpes infection (Brack et ai. 1985L as well as squirrel monkeys (Saimiri sciureus) subjected to the stress of a restraining chair (Penney &. Brown 19711, did not develop calcified foci in the adrenal medulla.
As another mode of action, the lesions may be related to the maturation of the adrenal. In newborn monkeys, the extended fetal centre of the adrenals undergoes a genetically encoded process of active cell destruction well-known in embryology (Bursch et ai. 1992) . The morphological feature of this apoptotic activity is, among others, condensation of chromatin at the nuclear membrane seen in 7 of our 23 neonates. Remnants of the fetal zone, the so-called dense band, have been observed in nine cases (Table 4) .
According to the literature, in several marmoset species (Saguinus labiatus, nigricollis, and fuscicollis), the fetal adrenal zone regresses dramatically during the first week of life (Levine et al. 1982 ). Adrenals of fetal squirrel monkeys have a broad central zone of large eosinophilic cells. However, by day 18 postpartum, no remnant of the fetal zone remains (Miller et ai. 19901. In baboons (Papio anubis), parallel to a dramatic loss in relative organ weights, the fetal zone involutes within 14 days after birth forming a zone of closely packed cells, the dense band which persists between medulla and the developing zona reticularis (Ducsay et al. 1991) . Also in the rhesus monkey, the adrenals decrease in weight by about onethird in the first 2 weeks postpartum, thereafter, the fetal zone persists for several months and remnants are still visible adjacent to the medulla 6 months after birth [McNulty et al. 1981 , Seron-Ferre et al. 1986 ).
The location of the calcified foci at the cortico-medullary junction, precisely the location of the remnants of the fetal zone, may indicate their origin from this zone. It remains to be understood, however, why the majority of the fetal zone disappears after birth without any visible pathological reaction, while the degenerating remnants should become calcified. Furthermore, the more common very extended area of calcified foci and their distribution would not support the theory of an origin from the dense band.
But the islets of medullary cells develop in the area of the fetal zone and may have preserved the information for a programmed cell death. The physiological involvement of pituitary hormones in fetal adrenal regulation has not been established, but postnatal regression may result from loss of a trophic influence of ACTH near the time of parturition (Levine et ai. 1982 , Ducsay et al. 1991 . Low levels of ACTH may also trigger a focal apoptosis of medullary cells [Holmes 1968). Dystrophic mineralizations also occur spontaneously in other organs of the monkeys: Kast et al. isolated mineralization of the cerebrum, either lamellated foci in the grey matter or calcium deposits adjacent to small vessels, are found in about 3% of our rhesus monkeys. Laminated calcium deposits among primary follicles in ovaries are well-known findings in rhesus monkeys and occur in about 40% of the animals according to our studies reported with the strain. Ovarian calcification has been observed in 62-81 % of baboons, 38% of cynomolgus and 22% of rhesus monkeys (Ishmael 1975 , Majeed & Gopinath 1980 . The finding is said to disappear together with the shrinking number of primary follicles.
The incidence of adrenal, cerebral or ovarian mineralization has not shown any difference between control and treated groups} and is possibly promoted by dietary means (alteration of calcium/phosphorus ratios) similar to the nephrocalcinosis in female rats (Clapp et ai. 1982 , Ritskes-Hoitinga et ai. 1989 ), or the calcified structures found in the endothelial cells of the sinusoids of the adrenal cortex of baboons (Papio ursinusj Du Bruyn & Liebenberg 1976) .
It may be concluded that the incidence of dystrophic mineralization in the adrenal medulla is species-specific for the rhesus monkey although sporadically also occurring in other mammals (Ross et ai. 1955) . Initial findings indicate a possibly stress-induced apoptosis of groups of medullary cells followed by episodes of exudation and mineralization. The origin from eventual remnants of the fetal zone remains to be understood.
